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XX X11L The Photoelecivic Ejfect in Potassium Vagour as o

Functien of the I'vequency of the Light. By Fawrst

(JRLAXTIO Lawre~er™® Al A., Sloune Fellawr in Plysics,
b 3 J .
Yale Uu-iz‘é':'sfz’g/"f.

TYLCAUSE of onr ignorance of the precize natare of the

3 cjection of electrons by Yight from solid suwrfaces, thit
is to say, becouse of the complexitics invelsed in the
photoeleetric mechunism for solids which the BLohr theory
s not yeb encompossed, experimental fuets of this sort
do not bear vitally on the Behr conceptions.  On the other
liipd, experimental duta on the pholoclectric effect i vapours
have a direct significance in the Bohr theory, inasmuch as
in ihis instance the atoms are isolated ard frec to act the
vile to which the theory applies. Informalion of 1he latrer
sort, is meagre. Steubing i has deseribed an experiment
which seemed to show ionization Jn mercury vapour by
light transmitted through fused quartz. Anderson § and
Githreath || bave obtained jonization in polassiun  vepour
which they attribute to n photoeleciric effect iv the vapeur,

Lot which probably resulted from @ photoclectric effect
i ¥ i

from the electrodes. Kunz and Willinme § bave ohserved

¢ A dissertation presented for the degree of Lroctor of Philosophy
st Yale Vniversity, : . ‘
t Communieated by Professor W, I G, Swapn.
U Plogs, Zeit, x, p. 787 (1009} :
L Phve, Rev. i, p. 233 (1915).
t Phve, Bev, x.p, 166 (1917) k ' ' A
Y Phys Rov, xv, p. 550 (1920} xxii, p. 456 (1923).
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.
3




effect’ in vaponrs
menty] diﬁ‘iculties, some  gf
augmented. when Potassiumy vapoyy isused. Ty
Wi that potassinn, is exceedingly active photo-
and. -thm‘znionic:ﬂl_}", -and. the difficultics
g aiirue Photoslectric effect j,

1ental expe

18 well kno
e‘léetricaﬂy :

1

differentiatin :
l;herminnic gureents and photogl,
ele’ctrodes afd other

her portions of.
arlous experimenta] ‘methods we
var o g 3

rethod similay to hat




¢ 1n Potassium

having a thresholq
of the prine pal
has indicated that
tween 2800 A :u;d‘
tency of the livhg
ith the freqneni‘-v
erinental invesii—‘
photoelectrie effect

8.

eﬂ'egt in vapours
culties, some 0;
pour is used.  Jg
Iy active photo-
a* difficultios iy
the vapour from
rrents from the
lisml are. obvions,
Inating in the
Williamson used
the electrodes
o be kept at g
o mf ‘the vapour
+ - To meet this
to traverse a
f,a:urface. The
- Jet of vapour
odgs In a cool
diaphragming
xoutimpinging
educing to g
!n this * way
ible order of
cts from  the
°r practically
pour,
yation of
e quxo(z)xrr e
¢ Irequency,
ently intense
d & meang of
Iy with the
€ essentinls,

5

as a Function of ['requency of the Light. 347
showed that quartz-mercury Inmps
sources of illumination, and that
rosolved iuto bands ol from
odnced measurable ionization
It perhaps is of interest to note
photoelectric effects in the vapour
jall bauds of wave-lengths

Vapour

Preliminary (—xxperiments
were totally inadequate
from a Ptand iren arc

light
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which in tarn was calibrated by a thevmopile and galvano-
meter.
Figs.

af the apparatus.

natically the arrangem ent

1 and 14 show dingranm
< in the reservoir 1

Distitled potassium 1

Fig. 1.

Cotlimating

Moncchromelor {ens dioph
' -
lonvzalion.

) e l\".l:a -
~

e o
Plund iron are

aponr to iggne ap

cansing n jet of v
in length) into the iomiz

was heated by a farnace,
throagh a tube T (20 em. 1
chamber and on to a Hqui:l-:m‘—cooled curtuce, as the dotted
Yines indicate.  Of conrse the jet was in no sente of the word
unidireetiontl, ant a goad portion of the vapomr enteving
the chamber condensed on portions of the chamber other
than the liquid-air sk, Doited lines also indicute the
course of the light which. orizinating in ihe Plond are,
passed into 2 monochromaior. The hand of wave-lengths
from the monochromutor ofror collimation by a«
passed through a quartz window into a tube D (50 em. long
confaining a series of dianphragms.
the light passed into the ionization chan
stream of vaponr and ent through @
2 A2

zation

a quartz lens

Trom the diaphragms
her, traversing the
diaphragm into &



348 My

&econd tuhe TT,
info gp adj
the serjes in tybe ras Iarger than the oth
fensibly none of the
This laet di
diﬁ"use}_)' s cht in the tube 1)
reflexions of the
i;‘:phrugms. T}
arger thay the
portion of tle beu
sefore evlering )
indicyte
prp -

Ay 48 it wyg mou
were gt
passing througl.

walls of t}e tule
re-enl.n'mg ? 100
the tubeg and the ¢

chamijey
chamber §
therein),
elaborite

arge spurions of

S Tuct revealed itself o
preliminary €Xperiments,
e

The Photoelectric
measure the

SR

A e it

wany reflexions
rél:ztive!y i
sensitivity of {he
the well-knowy,
Hases, hut it
ree {rom copf
ata on {he
made use of

ey,

iy i

of deflexion method, an at other tipeq tl
Measured the fg]) ;

- Lawrence on ]’/’mtofl(’mz'c ya
and ﬁnaﬂy out throyo],
dcent phofoelectrie cell. e

last d;

' beam impinged
aphr;«gm cut off from, the ienization cha
attered J5 > U which
bewm  fron, the cdges of ihe
e single diaphragm ip tube TP
Cross-section of the light he
1 sutfered reflexion hye
1¢ tube, . Thy g
the orientation of the
nled sq ¢l
an angle with {he

k into the ]
(hugmm does
Quartz wipdoy
at the normals of
direction of ¢
aused reflecied
and {g eXperie
the 1onization ¢

1o
EE

This ¢ light to
Lee many yoffe
Lamber, Juth the

pPhraans o D oand 7 were |}
svstem g

; lack, Ty,
ceompiizhed 4, Purposg of Preventing Nyis
the monechromate, striking

appreciabiy  (vigili,

Any yortion of (I
1 this m

Péssed th!'ungh e
cernilile i.’Iuminufiw:.
mentioned belope, this raihe;
Hmation of the beam w
ayv light f:zl]in;_: on the ele

leets,” Tis f

light
ner produced no dis
As  has Leey

¥stem of ol as necesgary,
iout it gip Clrodeg produe:
arly in the
e2ll placed 41 the ex
intenr:ity of ihe 1}
was of the ¥,
n the interioy

it end of T w
cht passing through 1k
e type

hes * R consist:fng of a flask
with pure

Polassium gty Light
the cej) Uu'ongh i quartz window experienced
on the potas

sinm surface, therah

wrge photooloctyie cwrents in the “cell. 7,

cell conlg bave heep further Inereased in

Watner Ly ) introductioy of suifalix

as desired tq have the potassium surfaces u«
amination

48 Possible, 11y pdorp that existin
photoelcctnc selecf'ivitv of

¥ prodneing

N
=

) Potassinn; could i,

1 a qualitaijve way,  The diagranm indicates

‘ 4 e - a.

an clectrometoy E attached ¢ the cell. The electromete:
Mmeasured e ctirren

1 1D some instances by the simple rat
A 1 ats
16 electromet

photo currenss

- XXV ), 679 (1913),

W potential whijc, the

* Hughos, Phil, Mag

AU quariy g
aphrugm ot
€T, 50 tha
oy |

amb,,
as dug 4,
ﬂdja("r'l;f
also Wik
an, so that o,
1anii
not In'oper.';
ar the eng o
its surfyeg.
he bean of liply
strike {},
Xions hefy-,
interior ¢f

o nbandanee of ‘:;11-;1}.‘ i\
‘s"nsf},u(: the p(ism\'c 1on
v eastived,
glw:iv*a"vte 1013) l)etm'e.n:n
11 drew the p}mli‘”.
i pussed throug Ll
Faid dmpinged on a !
n uetlected t.ln's i ‘
Ay was the case hil.t,-},‘r |
iéfﬁ-*'ﬂiﬁ‘(é also both t ‘f e
ERT I umtlmd_\\(,x -
iy tha ,ﬁuiil_expm'l;nf».r:;:
© Ao imhfegztcs t Nt" 0
©ds by the rate o | n.)
2 m;];ﬁi‘?’&'}ﬁ{)l) i'n\'ol W(],‘ ‘l.x
foaddy oln'wm_.‘ .“:1“
rertor .~3¢3|\s1!1\’1._\“.i
i b ru&.‘i_\:hnl‘urﬁ‘. ll)#'!h”
i ;»a‘:%inili".’it'\' of b()l){')'n?,‘.
e anid was eritic:
e 4f the m‘du:-r f’i Iy
ey of tndia ink o

¥

: '_ ) nelion
Faponr us a /

; ) o
Jiteand in passing ““"',“
it ! ! -
:‘ af m:tg’m[u(]e of 1u |
; ) " '] ' ! -
pdultimately T\a;sl l
o » \ . 2811
) "‘»:‘:v»rcs\boct more «ies e
m‘:f{‘v ; {urnace sm'rounl« i
1% ac , .
o Bpaps bubing \\omi(w.l\
o anditin cement, anc e
5:“ s suﬁlclentl ho
;.5‘:"'7\; RS e o,

: cars changes were &
e 1 b is horizon:ul
!";g;.'- 1 bis a b ' e
fsrnering the elee u},
a1 represents the |

v .

L icht 1n
wpaof the I'n Too
srawy the vapour. e e
e chamber at ;

|

i
3

.

1

An ace

pore

; sstrnetional  detad .
. 1t NE
# «f"‘!n‘t’ J(’:s‘(:rlptu)n.

basp andd the talies |

.

s4ouned
%.-;‘.:z(&z,{é! el the Jot .
o C:? El\'l‘(?x ﬁﬂll\'.\' i
AP by wax ot
Bk adr Dlast

Yo pooled.

2, ‘&V‘(\".:Y EE



produced in p. ‘the

.“order of ma, “The india ink resistance

‘method ‘ultimately was used. entirely, as it was found in
respeet more Jesirable. S :

i urrounding the reservoir ‘an jet tube: was
of brass tabing ‘wound with resistance coils embedded in
-alandum cement, and was insulated ‘thermally by asbestos..
It possessed safficient “heat inertia® to ensure that ‘tempe~
‘rature changes were Slowe, o TR
. Fig.1bisa horizontal section of the ionization. chamber’

. ‘depicting the eloctrode arrangement.  The circle in the :
centre D represents the jet, and. the dotted lines indicate the -
course of the light in its passage ‘through the -chamber

‘across the vapour. The olectrodes G, P are in a cool portion

of the chamber at the side of the vapour jet. Because Y

the abundance of stray electrons of thermionic origin always
prosent, the positive fons formed in the jet by the light
“were measured. An accelerating potential (relative to the
positive ions) between the walls of the chamber and &
grid G drew the positive ions to the grid, where 2 good
share passed through and afver traversing a smaller retarding
~ fiold impinged on a plate P. An attached electrometer
~gystem deflected  this positive ion current on to the plate.

“. As was the case for the ‘photoelectrie cell currents, in this

nstance.also both the rate of deflexion method and the high

résistance method were used, culminating ‘in -the. adoption ’

in the. fimal experiments of the latter. - For simplicity the
gram indicates the arrangemen “for measuring the positive -
ions by the rate of defiexion of ihe: electromoter: The -
modification involved in using -the resistance  method ‘is.
‘perfectly obvious. For “the rate of deflexion method ‘an.
electrometer sensitivity was used of 800 mm. per volt, while:
for-the resistan: hod the Dolezalek electrometer bad
a sensitivity of 6000 mm. per volt at a scale distance of
16 ‘m. and was critically damped. The resistances nsed
“wore-of the order of 5% 101 ohms, and were made of tine.
tuled lines of india ink on paper hermetically sealed in glass

Clonstractional details of - the “apparatus - hardly - ‘merit
Farther description. Suffice to say  that the “tonization
chamber and the tubes D and TT with diaphragms: were of -
—‘"’itﬁa, “and the jet and reservoir: and the liquid-air flask
were of pyrex glass and were attached to the brass ionization .-

hamber by wax joints. ~Because of the high temperature.
i -air blast played over the wax joint, keoping it
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As has been mentioned above, t\‘e.'photoelectvlc currents

were mensured either by the rate of deflesion of the
electrometer needles, that is by the deflexion during 2
detinite period of time, or by the fall in potential produce
bv the currents flowing through high resistances of india ink.
ly noting the -deflexion of the
,electrumeter when things are in equili\;rium, while” the
rate’ of deflexion method is Jiable to error unless certain
"It the observed ‘deflexions

_are to be proport,iomﬂ to the currents, Professor Swann " has -
- pointed out that the dé_ﬂa‘xions‘must,'bé taken over 41>eriods :
of time which. ate . multiples - of “the. natural period of -

: needle, A subsidiary require-

that the period of observation must not-extend. " 7
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- of Chicago during the last academ
‘continued during,th’»e present year at Yale‘University. In
view of the differences in the experimental apparatus at both -
: places, it js desirable to present’ the resulls separately. As
- will be indicated below,
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a paragra of the experimen dure.
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hnear over “ntervals sbout the_'
ints through’ which the curve: is
intersection . stnkmgly suggests :

threshold for the va ur———t\mt 1s, B i

of this pomt it the longest, wave-le
photoeleotuc effect in the vapour.
(ffects vbserved for’ wave-lengths gre'xtm' than.

,tbreshold value repreeented by the portion of the curve to the" '
Cvight of the mterseotwn are attr\buted to stray: light of shortm B
: »wa\'e-!ength= transmitted by the monocl\romator, and to &

aric «ffect from th«- electrode~ due to o small
d light. i

comlder the expemm vital pomts makmg up: o

. 15 ft of the threshold. The
photoe\ecmc effects “here: i m both stray offective

' ‘Wavo-lengths ds of was e-lengths sym mmetrically -

plaoed abont the vnlues glven b) the abscwsae. Became o
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“The amount of spurfous effect
k"d’etvermi’ngd,‘butv probably is ot far from that obtained by )

T

thex.fliﬁéaﬁty‘ of tBe"én)rv’é.fbyé these _‘bénds{;(i’{:: i‘slf_ ci@t that -
“the assigned abscissee are -approximately the effective mean . =

values for the ‘wave-lengths of the ‘bands, and- allowing for
) ight, this portion . of the curve represents. the -

- variation of the ratio of the photoelectric effect in the
- vapour to the effect in the photacell‘*\‘vivth,tbe wave-length, =

»

. Wavelength in Angstrom Units.
“‘Orair’mééafjaﬁnd abscisae aam‘e'allvFi‘g.‘ﬁ.:' B S R
“Photoelectric currents measured by high-resistance ‘method.
with electrodes at.the following potentials, R
- Walls.of ionization chamber. - 00 volts,
TG e =280
“Plate ., =18 )

¢ L

iifﬂ]is, regxon has ‘not been

ELLTTE

reecininia
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from the'P""*?"
v the dotted liv

(fig. 2).  There.
aratus of importance— Tm;
am',ettic cell. A Ga

‘ Fig. 4.—-—‘

Ordinates and absgns;;e‘:‘
nte 'measured DY
“m?(;“owing potem.;.\l.‘
% Walls of lom
Grid . oeeeie-

Plate‘

inad. an agreement

o x;:i’t:; a%f inter:

‘to the right of the ﬂlrc:
two inim’ochrqmators
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hvng:; I:‘fi:cglnrthat : '; «
ve mean . § . as indicated by the dotted lines.

uands, and allowmn for

curve mPl‘esentg G
Mme, effect in 3::,

: the wave-len gth.

- and are seen fo
at. Chicago: (fig: '2Y).. There were two changes in the que‘ff :
- apparatus of !mportance—-— namely, the monachromator and the

; ‘f.jp otoelectr\c cell

~ obtained, an agreement perhaps more complete th
“be ex ected "Of interest also 18 the similarity of ‘the curves

" o the right of the threshold, which sug gests that ‘either the - e
. twe monochromators are. qmte eq\m“y defectwe in. fheu’ e
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o extra lating from the portlon to the nght of the threshold

Sienificant evidence of the trustworﬂnness oE these results ey
is -given by~ the miore recent experiments at Yale. The: i
curves of figs- 3 and 4 are representative ¢ of the later resnlts, .
to be of the same form a8 revlously obtaine

A Gdertner strument was use “with

- - - e -

2500 2600 2700 2800 2900
X Wave. ength in Angstrom Untts g

Ordmat.es and abemsm same ae for ﬂg 3 5,
" Qurrents measwired by hlgh—mlstnnoa method witb eleetrodes ;
M followmg potentmls e : )
: B Walls o{' xomza.t on chamber 00 vnlts.
t

'ishf)—mdtht of 1 . (gwmo' ‘wave-length 'b'mds of forty to
eighty’ 5ngstrm

_ ns). and a mew photocell ‘was built: similar
“to the one used at ¢ Chicago. ~In view of - these changes, it is

interesting’ to note the a.greement in the threshold values
an should
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anction of rodacing. th’onoéb'tomaftiﬂc;_']igh‘t, or_that in all
_instances the amount of s:attered light was about the
same.  This lutterv»poss’ibi!ity;silgge'sts that the vapour was
responsible for the scattering. - The form of the results
-embodied in the above curves is a function of rhe salectivity
of ‘the ;photoelectric eall, ‘his accounts for the .more
ronounced curvature of the Yalo curves (figs. 3 and 4),
%inally, the data indicate ‘that the observed hotoslectric
ffects in " the vApour are. practically ‘independent .of both:
the potentials on - the. electrodes ‘in-thes Adonization-chainber

id iti ses_the’ photo-
electric effects observed have beén of ‘the form_exhibited
bove, although a runge'of potentials from eight to twenty-
two ‘volts has been used, and. the vacuum, us indjcatad -
on-a Mclood gauge, has ranged - froin . 1072 am. to
107 mm. 7 et TR
.. Because of the diffculties in measaring light intensities
. in the ultes -violet, the calibration of the photocell lacked
precision and was extended only to' 2580 dngstroms, It
was found that the selectivity of the cell was qualitatively
- similar to that of New . potassium metal surfaces as found
by Souder *. 0y the basis of this calibration, the probable
variation of the photoelectric effect in the vapour per unit
intensity of light as o function of the wave-length is given
by the curve of fig. 5. Although & slight curvature is
exhibited——-suggesting a_maximum—it is entirely ‘possible
s that more reliable intensity measnrements ‘will ‘show that
. this is a linear relation, It is hoped that this point will -
- be settlad in the near fature. For the present, it can be
asserted that only" light of wave-length shorter than 2610

D
S e absorption

' RBusearches on the_» gb;otp

S R‘aslefﬁ:r:‘-ave,]epgths o}f)’ t:)tz r‘p

Fevean_ as wave-lengths s ](]) .
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ohr: " .

L TFig.. 5.

S e
Uy tic effects 1n stred
toelef;tyl(;’er unit intensl

na 1 vapour, and that the magnitude of :
the cffect per unit ]_"ig‘hytl' iuteﬂsit,y"is “greater for. 'shorter A

2300 - 2400

. wave-lengths, ,,Wa.Y“ e.ng -

“ Williamson 1 kas inte

| rpreted his rosults as indicatin gthe .
- photoelectric - threshold “at

L trie
» at. the Bohr ' theoretical value, ' "‘izﬁ‘:;a?y lggﬁt of "f‘“’l
- namely 2856 fnostroms. owever, ‘it is interesting to 2 S (hreshold at 26
© note that his ‘published data are well in accord with the: - Photodleotric (hreE PR
-value herein fiven, It is inte_resting, further to observe e e n up by the ligh
that the present resulfs confirm his conclusion that light of ‘energy g1ve '
shorter waye lengths is more efficient in pr

producing the
ffect in the vapour jet, and that the general.
-eﬂ'e@?s obser\(egl ‘ware indepexldenﬁ‘of the. electrode potentials,

e orbits,

to the various P O
: "ila:fect.' Light'qua‘;jtan 0eng
* . Timit have ":";f ta:d the
4 from the atom | 6}
feli(e)g:-mﬁ e e}oc{tyfvvaﬁelﬁ e]

* Phye. Rov. viii. p. 810 (1016).
-t Phys. Rev. xxi. p- 107 (1923).
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: ;-‘v(?on"equnditigj phenomena occur in “the X-ray region, nowe 'lfave, a:;. it

- There an absorption is observed which decreases approxi- - & 5 4 v'("t,iéﬁ) :
~ mately as the cube of the wave-length from the K, L and M (Dissociab '
~limits.  In this instunce also the absorbed energy goes into

3 ;..v«,,_;{;he.;jnmps'qf the electrons fr

esponding to the energ
: Velocit_y .apon . com o "

in: oiven as the: threst
nour is inié v_m‘ol‘e-cug
-, Professor :
1ds in sodi:
has.sh nl ,

¢ . L 3 ‘
other alkali vapout iw“:ﬂdr'
of the vapour 18 mq,glc, ki
 molecules is small ‘relative

] ‘general all the
ce  supports this .photpel'ectx_ri‘q’: origin

ption " of wave-lengths shorter
n obtained by 'Wood *in sodium -
i ium, and more
published excellent photometric . O
; iation of the absorption with the - " light-quantum’ ioniziig
; ~wave-length. Harrison’s results indicate that the absorption ,  jts ionizing an atom-,., .
0 decreases with the wave-length from the series limit in ~ § ' Experiments ,uref‘l:hép
: a manner similar to the deorease beyond 1he ahsorption SR .iniﬁa{mvclocltles of i
limits in the X.-ray region. By analogy with the X-rq -' positive-ray analysis
photoelectric data” this

‘that the atomic photoelect
" gtated in another form,

measurements of the var

similarity suggests that this nature of the Phgzif]l‘
continnous absorption is due to a photoelectrip effect  in. E speculation will be

- the vapour, in agreement with the Bokr theory. - However, ¢ of this work. A
as has been pointed out, direct Pphotoelectric evidence is : e el

neagre, and the present research was initiated with the hope
: of obtaining more definite daty of this sort. . T : :  Vaan observed, and
.. 'Williamson  has discussed “in  detajl the  experimental - N s been obser até’r'thﬂ
4 evidence from which is concluded that the -effects observed T wavg-lengtll ngigciency o
are . photoslectric effects in th, vapour. - In' the 'present nd that the"go'rtér’ wav.
instas ient to say that his ovidencs and “con-. ncreases as SU0 ith the
bee con : “the 're cousistency :“t “an i
spectroscopic da e 1
offects observed are )

moleculur state of the vu

accord with expectations, i
ireshold. coincide with the
;;slimi’ting_wava-‘length of the principal series, nor is the light -
cof wave-length Just less thup ‘the  threshold “the most
. effective in producing the photoclectric effect. :
. e truely representative of ‘the photoe‘l_cétric’effect L
from. potassium” atoms iy the vapour, we- have here an o
_apparent serious difficalty for the Bolr theory. . it
_The most plausible explanation of the ditficulty is that
the ‘vapoar consists of ag

; gregates of i)otnssium atoms, most
‘probably in a sort of diatomic molecu
energy of 4 volt is assigned to ihat i

The ‘writer is very gg,é
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any invaluable i :5
course of the wor ,;1 o
was comxpencedrang; ;
. Bloane Laboratory, .
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b
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nvolved in dissociation, L

S Asirophys; Jour. xxix, 97(190 o
ot Phye. Zeis, 1x. p.'8s (1919), :
| Phya’.y,Rev. xxiv, p. 466_(1924).
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